The RELAP5-3D code is being considered as a thermal-hydraulic system code to support the development of the sodium-cooled Actinide Burner Test Reactor as part of Global Nuclear Energy Partnership. An evaluation was performed to determine whether the control system could be used to simulate the effects of non-convective mechanisms of heat transport in the fluid that are not currently represented with internal code models, including axial and radial heat conduction in the fluid and subchannel mixing. The evaluation also determined the relative importance of axial and radial heat conduction and fluid mixing on peak cladding temperature for a wide range of steady conditions and during a representative loss-of-flow transient. The evaluation was performed using a RELAP5-3D model of a subassembly in the Experimental Breeder Reactor-II, which was used as a surrogate for the Actinide Burner Test Reactor. An evaluation was also performed to determine if the existing centrifugal pump model could be used to simulate the performance of electromagnetic pumps.
INTRODUCTION
The Actinide Burner Test Reactor (ABTR) is envisioned as a sodium-cooled, fast reactor that will burn the actinides generated in light water reactors to reduce nuclear waste and ease proliferation concerns as part of the Global Nuclear Energy Partnership. The RELAP5-3D (RELAP5-3D Development Team 2005) code is being considered as a thermal-hydraulic system code to support the development of the ABTR. An evaluation of the code's applicability for modeling the ABTR (Davis 2006) indicated that non-modeled mechanisms of heat transport, including heat conduction and mixing in the fluid, and the lack of models for electromagnetic (EM) pumps could be important.
An evaluation was performed to determine whether existing models in RELAP5-3D could be used to simulate the performance of the EM pumps and the non-modeled mechanisms of heat transport. The evaluation determined the importance of axial and radial heat conduction in the fluid for a wide range of steady-state conditions and during a representative loss-of-flow transient. The evaluation also determined the importance of mixing between adjacent rings within a subassembly. The evaluation used a RELAP5-3D model of a subassembly in the Experimental Breeder Reactor-II (EBR-II) because the ABTR has not yet been designed.
The figure of merit for evaluating the safety of the EBR-II was the peak temperature at the interface between the fuel and the cladding (Lehto et al. 1987 ). The temperature of the inner surface of the cladding was limited to 715 °C during normal operation and during anticipated transients. Messick et al. (1987) reported a maximum measured fluid temperature at the top of the core of about 550 °C. Allowing for a 20 °C temperature rise across the cladding, the margin between the maximum operating temperature and the safety limit was approximately 715 -550 -20 = 145 °C. The evaluations of the importance of heat conduction and mixing in the fluid were based on quantitative comparisons between the calculated effects and a value of 15 °C, which corresponds to about 10% of the margin during normal operation. Effects less than 15 °C were judged to be not important whereas effects greater than 15 °C were judged to be important. The 15 °C value used here is roughly consistent with values previously used by the Nuclear Regulatory Commission (NRC). For example, 10 CFR 50.46 (NRC 2007), which addresses acceptance criteria for emergency core cooling systems in light water reactors, defines a significant change as one that exceeds 28 °C in peak cladding temperature. The use of a smaller value for determining significance seems appropriate here because the safety limit allowed in EBR-II is much less than that allowed in light water reactors (1204 °C).
Section 2 of this report describes the EBR-II subassembly and the RELAP5-3D models used in the analysis. Section 3 describes the models for calculating the heat transport mechanisms associated with heat conduction in the fluid and radial mixing within a subassembly. Section 4 presents results from the evaluations of these heat transport mechanisms. Section 5 describes the evaluation for modeling the performance of EM pumps with RELAP5-3D. Conclusions and references are presented in Sections 6 and 7, respectively.
RELAP5-3D MODELS
Two RELAP5-3D models were used in this evaluation. A one-dimensional model was used to simulate the effects of axial heat conduction in the fluid. A two-dimensional model was used to simulate the effects of radial conduction and mixing.
The RELAP5-3D models were based on a model (Talley 2006) of the instrumented XX09 subassembly in EBR-II (Messick et al. 1987) . The XX09 subassembly is illustrated in Figures 1 and 2 . The subassembly contained 61 rods arranged in a triangular array within a hexagonal wall. The array contained 59 wirewrapped fuel rods and two rods that were used for instrument leads. Thermocouples were used to measure fluid temperatures near the top of the active core and in the mixing section near the top of the subassembly. The fuel rods contained a long gas plenum above the top of the core to accommodate fission gas release. The "annular" thimble flow region outside of the subassembly wall provided space for control rod insertion. The one-dimensional model of the XX09 subassembly is illustrated in Figure 3 . The model represented the inlet, active core, gas plenum, thimble, and outlet regions of the subassembly. The active core was modeled with Component 140, a one-dimensional pipe that contained ten axial control volumes. Heat structures were used to represent the fuel rods and the subassembly and thimble walls. Components 100 and 220 were time-dependent volumes that specified the temperature of the sodium entering the subassembly and the pressure at the top of the subassembly. Flow boundary conditions were applied at the bottom of the subassembly with a time-dependent junction (Component 110). The flow area at Junction 190 was adjusted so that the thimble received 5% of the total flow at normal operating conditions. Messick et al. (1987) did not report the magnitude of the thimble flow, but Dunn et al. (2006) stated that it was small. The power applied to the fuel rods in the core was specified using a chopped cosine power profile with a maximum axial peaking factor of 1.2. The radial power distribution was assumed to be uniform within the subassembly. The outer surface of the thimble wall was assumed to be adiabatic.
The RELAP5-3D model does not represent the XX09 subassembly exactly because of a lack of information about the power and flow distributions within the XX09 and adjacent subassemblies and the geometry in the inlet and outlet regions. Nonetheless, it is considered representative of a fuel subassembly in a sodium-cooled fast reactor. A two-dimensional RELAP5-3D model of the XX09 subassembly was also developed. The twodimensional model was identical to the one-dimensional model except that it used five parallel components to represent the core and gas plenum regions as shown in 
CONDUCTION AND MIXING MODELS
The control system model of RELAP5-3D was used to simulate the effects of fluid heat conduction and mixing. The control system provides a generalized capability to evaluate algebraic and differential equations using standard mathematical operations and functions that can interact with the code's hydrodynamic calculations. In this evaluation, the control system used fluid temperatures to calculate the heat transfer associated with heat conduction and radial mixing in the fluid. The calculated amount of heat was then added to or removed from the various control volumes in the subassembly to represent these heat transport mechanisms. The model used to represent fluid conduction is described in Section 3.1. The model was initially developed for axial conduction and then extended to represent radial conduction. Section 3.2 describes the development of the mixing model.
Fluid Conduction
RELAP5-3D was originally developed for analysis of light water reactors. The code does not represent axial or radial heat conduction in the fluid because the relatively low thermal conductivity of water ensures that their effects are small. However, the thermal conductivity of sodium is about 100 times greater than that of water. Consequently, heat conduction in the fluid has the potential to be important in fast reactors cooled by liquid sodium.
Kayes and Crawford (1980) present a simple rule of thumb that states that axial conduction may affect the heat transfer if the Peclet number is less than 100. The axial Peclet number for the XX09 subassembly in the EBR-II (Messick et al 1987) was about 100 at design conditions. Thus, the effects of axial conduction in the fluid could be important for fast reactors cooled by sodium, particularly during transients in which the flow decreases. 
where T is the temperature, t is time, x is the spatial coordinate, and the superscript + refers to a nondimensional parameter. The Q w term represents wall heat transfer, the details of which are not important here. The modified Peclet number, Pe*, can be written as
where Re is the Reynolds number, which is based on the hydraulic diameter, D h , Pr is the Prandtl number, and L is the length of the component. Since the traditional Peclet number is the Reynolds number times the Prandtl number, the modified Peclet number is just the traditional value times the length-to-diameter ratio.
Appropriate choices for the reference parameters result in the first and third terms in Equation 1 having an order of magnitude of one at steady state. If the modified Peclet number is of order one, the axial conduction term will also be of order one and hence will be of comparable importance to the convection term. If the modified Peclet number is 100, the axial conduction term will be roughly 1% of the convection term. Since RELAP5-3D should be able to represent second-and third-order effects, Equation 1 indicates that axial conduction in the fluid should be modeled when the modified Peclet number is less than 100.
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A numerical method was developed to simulate the effects of axial conduction in the fluid. Figure 5 illustrates a simple nodalization that contains three control volumes and two junctions and defines a global distance coordinate, x. The subscripts, m-1, m, and m+1 refer to the volumes while the subscripts m-1/2 and m+1/2 refer to the connecting junctions. The temperature, T, at the center of each volume is assumed to be known. The density, , heat capacity, C, and thermal conductivity, k, are assumed to be constant within a control volume, but are allowed to vary with temperature between control volumes. The geometry is defined by the length, 
No energy is assumed to be stored at the junction between adjacent volumes. Therefore, Equations 4 and 5 can be equated and solved to obtain the temperature at the junction (12) where the first sum is taken over all the junctions attached to the inlet face of Volume m and the second sum is taken over all the junctions attached to the outlet face of Volume m. The usage of the terms "inlets" and "outlets" here is governed by the global distance coordinate, x. The inlets are those junctions connected to the face of Volume m with the lower value of x while the outlets are connected to the face with the higher value of x. Hence, the definition of inlets and outlets used here differs from the normal RELAP5-3D usage, where inlets and outlets are based on the definition of positive flow according to a local coordinate that can vary for every control volume.
The RELAP5-3D control system model summarized by Equation 12 can be extended to simulate radial conduction by using appropriate values for the geometry. The length term in Equation 5 is based on the input length in the crossflow direction. The flow area term in Equation 5 is calculated as the fluid volume of the control volume divided by the input length. Since the fluid volume accounts for the presence of the fuel rods, the radial conduction model also accounts for the presence of the fuel rods in an average sense. A conduction shape factor, such as that described by Jeong et al. 2007 , could be applied to obtain a more accurate representation of the geometrical effects on the radial heat conduction process, but was not used in this evaluation. Only one junction is connected to each radial face. Thus, the modifications for multiple connections shown in Equations 9 and 11 are not required for the radial conduction model.
Radial Mixing
Each fuel rod in the XX09 subassembly was wrapped with a helical wire that maintained separation between the fuel rods and promoted mixing between subchannels. A model was developed to simulate the effects of mixing between adjacent rings in the two-dimensional model summarized in Figure 4 . 
where D is the diameter of the fuel rod, w D is the diameter of the wire, P is the fuel rod pitch, and H is the height of one revolution of the helical wire wrap.
The flow regime is determined from the Reynolds number, Re, which is calculated for flow in the axial direction and accounts for the presence of the wire on the fluid velocity and the hydraulic diameter. For laminar flow, 
The dimensionless effective eddy diffusivity accounts for the mixing caused by the wire wrapping and turbulence. The mixing caused by the wire wrapping is larger than that caused by turbulence (Cheng and Todreas 1986). Based on the geometry of the XX09 subassembly, * varies between 0.013 for laminar flow and 0.023 for turbulent flow.
